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Results of optical frequency transfer over a carrier-grade dense-wavelength-division-multiplexing
(DWDM) optical fibre network are presented. The relation between soil temperature changes on
a buried optical fibre and frequency changes of an optical carrier through the fibre is modelled. Soil
temperatures, measured at various depths by the Royal Netherlands Meteorology Institute (KNMI)
are compared with observed frequency variations through this model. A comparison of a nine-day
record of optical frequency measurements through the 2×298 km fibre link with soil temperature data
shows qualitative agreement. A soil temperature model is used to predict the link stability over longer
periods (days-months-years). We show that one-way optical frequency dissemination is sufficiently
stable to distribute and compare e.g. rubidium frequency standards over standard DWDM optical
fibre networks.
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1. Introduction
In recent years, fibre-optic connections in telecom-
munication networks have proven to be suitable for
frequency comparisons and frequency distribution
with high stability over long distances. In general
the frequency of either an ultra-stable continuous-
wave (CW) laser or a stable microwave reference is
transmitted over an optical fibre and received at the
remote site. Several experiments [1–7] have shown
that frequency comparisons at or below the current
accuracy level of the best atomic frequency refer-
ences, a few times 10-18 [8–11], are feasible over
long-haul fibre connections. For example, the op-
tical frequency of the 1S-2S transition in atomic
∗ Corresponding author: j.c.j.koelemeij@vu.nl
hydrogen was recently measured with respect to a
remote Cs frequency standard with 4.5× 10−15 re-
lative uncertainty, employing a 920 km long fibre-
optic link performing at the 4 × 10−19 uncertainty
level [6, 12].
Fibre-optic methods for remote frequency com-
parison can provide significantly better stability
than current satellite-based methods. These in-
clude two-way satellite time and frequency transfer
(TWSTFT) [13–15] and (carrier-phase) common-
view global positioning system ((CP/)CV-GPS)
comparisons [16–18]. The accuracy limits of satel-
lite based methods are on the order of 10−15 at one
day [18–20], which is already insufficient to compare
state-of-the-art cesium fountain clocks operating at
less than 5 × 10−16 uncertainty level [21, 22].
Plans for high-resolution laser spectroscopy ex-
periments at VU University Amsterdam LaserLaB
2and at Van Swinderen Institute, University of Gro-
ningen, would be greatly facilitated by direct fre-
quency comparisons over an optical fibre-link at
stability levels better than 10−14. For this purpose,
a 2 × 298 km fibre-optic connection between both
laboratories has been established using a 2×295 km
DWDM channel provided by SURFnet. The top
part of Fig. 1 gives an overview of the SURFnet
fibre network in the Netherlands. The optical
path between VU University Amsterdam and Van
Swinderen Institute Groningen is marked in green.
The bottom part shows the details of the optical
path.
The link consists of two unidirectional fibres. In-
terferometric detection and active compensation of
fibre length changes [23] is therefore not possible.
However, it is possible to create a bidirectional path
in the optical fibre, and implement a compensa-
tion system [7]. It must be noted that, in con-
trast to some of the other frequency comparison
links [1, 2, 4–6], our link is part of a carrier-grade
DWDM optical network in which the fibre is shared
with other users, and several other wavelength
channels are simultaneously used for data transfer.
The use of a standard DWDM channel enables
us to characterise the performance of unidirectional
transmission of optical frequency references in pub-
lic transport networks carrying live network traffic.
It also allows a systematic study of environmental
conditions on the link stability, such as soil temper-
ature variations, which is the main aim of this work.
Unidirectional frequency transfer will be useful for
institutions and industries which require accurate
and reliable time and frequency references, e.g. for
calibration of equipment. For example, optical fre-
quency distribution may be used for accurate length
and, in the future, mass measurements (through the
Josephson effect and the Watt balance) by referen-
cing to the SI second.
This article is structured as follows. In Sec. 2 a
model for the influence of temperature on the sta-
bility of fibre-optic frequency transfer is presented,
along with a soil temperature model. In Sec. 3, we
present our approach to determine the stability of
the 2 × 298 km optical frequency link, as well as
details of the setups used in Amsterdam and Gro-
ningen. Results are discussed in Sec. 4, followed by
conclusions and an outlook presented in Sec. 5.
2. Theory: frequency stability of the fibre link
and soil temperature
The phase ϕ accumulated by a monochromatic light
wave guided along a certain path of length L and
Figure 1. Top: Schematic map of the SURFnet fibre-
optic network. (green line) The fibre link between
VU University Amsterdam and Van Swinderen Insti-
tute Groningen. (green squares) Amplifier sites. (red
circle) The KNMI measurement site at Cabauw. Bot-
tom: Schematic representation of the duplex fibre link
between Amsterdam and Groningen in the SURFnet
network (length: 2 × 295 km). The Er3+-amplifiers
are used by all active DWDM channels. In Amster-
dam ∼ 500 m of intra-office fibre bridges the distance
between the SURFnet node and the laboratory. In Gro-
ningen ∼ 2 km of additional underground fibre is needed
to bridge the distance from the SURFnet node at the
computing centre of the University of Groningen to the
laboratory, adding to a total link length of 2× 298 km.
effective refractive index n can be written as
ϕ =
ω0
c
nL, (1)
where ω0 is the frequency of the light (in radians
per second). Several physical processes can lead to
phase (and thus frequency) variations in fibre-optic
links.
At short time scales (< 100 sec) environmental vi-
brations couple to the fibre and can therefore cause
3path length variations, e.g. via stress-induced re-
fractive index variation, which may occur at fre-
quencies up to tens of kHz. At time scales longer
than 1 s, significant phase variations also occur
because of thermal expansion of the fibre and
thermally induced changes in the refractive index.
These variations are typically slow and, for a fibre
which is installed mainly underground in an out-
door environment, they are mostly affected by the
diurnal and seasonal soil temperature cycles [24].
Our work is focused on the understanding of the
long-term stability of fibre links in relation to such
temperature variations.
The phase variations due to a time-varying tem-
perature T are
dϕ
dt
=
ω0
c
(
L
∂n
∂T
dT
dt
+ n
∂L
∂T
dT
dt
)
. (2)
We can express the relative length variations of the
fibre as a function of temperature as
1
L
∂L
∂T
= αΛ, (3)
where αΛ is the thermal expansion coefficient of the
fibre. Furthermore it is customary to write
∂n
∂T
= αn, (4)
with αn the thermo-optic coefficient. Note that
both αΛ and αn are weakly dependent on temper-
ature, which we ignore here.
A typical (room-temperature) value of the
thermal expansion coefficient of the fibre glass is
αΛ = 5.6 × 10
−7/ ◦C [25]. The thermo-optic
coefficient has a typical value of αn = 1.06 ×
10−5/◦C [25], and is therefore the main cause of
phase variations due to temperature changes. Sim-
ilar effects due to varying air pressure are approx-
imately two orders of magnitude smaller [26] and
have therefore not been included in the model.
Considering the heat flux in isotropic media
(soil) for a vertical temperature gradient and vary-
ing temperature, and modelling the temperature
variation as a sinusoidal periodic signal, Van der
Hoeven and Lablans [27] derive the equation for
the temperature of the soil at a certain depth z and
time t as
T (z, t) = T0 +AT0e
−zCϕ
× sin
(
2pi
PT0
(t− t0)− zCϕ
)
, (5)
where T0 is the average temperature at the surface
(z = 0), AT0 is the amplitude of the temperature
variation at the surface with period PT0 , and t0 is
an arbitrary time offset. The phase constant
Cϕ =
1
Cs
√
pi
PT0
, (6)
includes the soil constant Cs which is determined by
the thermal conductivity λ, the specific heat capa-
city Cm, and the mass density ρ of the soil according
to
Cs =
√
λ/ρCm. (7)
Equation (5) can be applied to both diurnal and an-
nual variations in temperature. A remark must be
made that accurate modelling of the soil temper-
ature is delicate and involves, among others, the
groundwater levels and groundwater freezing rates
in winter [27].
In this model the amplitude of the temperature
wave decreases exponentially with depth, while it
undergoes a phase shift linear with depth. The
equation is universal and can also be applied to
other materials as long as the physical properties
λ, ρ and Cm are known.
With the help of Eq. (5), average frequency devi-
ations ∆f from the nominal frequency f0 = ω0/2pi
can be calculated for any depth, using Eq. (2) for
temperature differences ∆T over a time interval ∆t
as
∆f = 2pif0
L
c
(αn + nαΛ)
∆T
∆t
. (8)
3. Experimental methods
In order to characterise the frequency stability of
the fibre link, two different methods are used. The
first method consists of the one-way transmission of
a C-band-wavelength CW laser, locked to a mode
of an Er3+-doped fibre frequency comb laser in Am-
sterdam. In Groningen, the transmitted laser fre-
quency is measured using a similar frequency comb
laser. Both frequency combs are locked to GPS-
disciplined atomic clocks. Therefore, the stabil-
ity of the optical frequency measurement in Am-
sterdam and in Groningen depends on the fibre
link as well as the atomic clock stabilities. The
second method employs a closed fibre loop Amster-
dam – Groningen – Amsterdam. In this case the
laser frequency can be compared with itself after
its roundtrip through the fibre loop. The second
method takes advantage of the fact that the laser
frequency instability on the time scale of the meas-
urement is much smaller than the instabilities in-
troduced in the fibre loop.
4Figure 2 gives an overview of the measurement
setup that is used to characterise the frequency
stability of the fibre link. A narrow-linewidth
CW laser (Redfern Integrated Optics inc. (RIO)
Planex, 3 kHz linewidth, 20 mW output power, and
wavelength 1559.79 nm [ITU channel 22]) is phase-
locked to the fibre frequency comb laser (Menlo Sys-
tems FC1500) and used as an absolute optical fre-
quency reference. To verify the lock quality, the
in-loop beat signal is counted. The optical refer-
ence frequency is sent to Groningen via the fibre
link (injected power 0 dBm). The nominal length
L of the fibre-link is 2× 298 km between the labor-
atories in Amsterdam and Groningen. The optical
fibres of the pair are located in a fibre-bundle and
thus follow nearly the same physical path.
In Groningen the light is split. Part of the light is
used in a frequency comparison against the local op-
tical frequency standard (Menlo Systems FC1500),
while the other part of the light is sent back to
Amsterdam (received power 0–6 dBm). As pointed
out above, the comparison of the frequency of the
light after the roundtrip with the CW laser source
reveals the noise contribution from the fibre link.
Both optical frequency combs are locked to rubid-
ium (Rb) frequency standards (SRS FS725), which
are disciplined to the 1 pps output of GPS receivers
(Amsterdam: Trimble Acutime 2000, Groningen:
Navsync CW46). The combined instability of the
GPS-receiver output and Rb clocks is transferred to
the frequency comb lasers via the various rf locks
used to stabilise the frequency comb laser repeti-
tion rate frequency frep and carrier envelope offset
frequency fCEO.
Figure 3 shows the details of the CW laser sta-
bilisation setup. Part of the light of the diode is
split off and fed to a fibre-based beat-note unit con-
sisting of a DWDM filter to reject a large part of
the frequency comb spectrum, a fused coupler, and
a fibre-coupled photodiode (∼ 2 GHz bandwidth,
50/125 µm multi-mode fibre coupled) to detect the
rf beat signal. The rf beat signal (fbeat = 60 MHz)
is bandpass filtered (filter bandwidth > 10 MHz)
and amplified before comparison with a signal gen-
erator (Agilent 33250A, referenced to the Rb clock),
via counting phase detector electronics. Feedback
on the diode laser phase is achieved via a fast PID
controller acting directly onto the diode-laser injec-
tion current (bandwidth > 1 MHz).
To verify proper CW-laser locking conditions dur-
ing the experiment, the in-loop rf beat-frequency is
recorded with a Rb-referenced counter. For dead-
time-free counting of rf frequencies, either a quasi-
continuous double Agilent 53132A counter setup is
used, or an Agilent 53230A counter in a continuous
reciprocal frequency counting mode. Finally, a reg-
ulated variable optical attenuator ensures that the
optical power injected into the fibre link remains
constant.
To characterise the stability of the fibre link, the
setup of Fig. 4 is used. Light of the diode laser is
split by a fused coupler. Part of the light is sent via
the roundtrip Amsterdam – Groningen – Amster-
dam, while another portion of the light is frequency
shifted by an acousto-optic modulator (AOM). The
output of the AOM is combined with the roundtrip
optical signal after transmission by the fibre link
(power ∼ −3 dBm) and the beat frequency is de-
tected with a fibre-coupled photo-diode. Any fre-
quency variations introduced by the fibre link can
be measured as frequency deviations from the AOM
frequency, which is generated by a Rb-referenced
DDS (Analog Devices AD9912).
To measure the roundtrip stability two AOM +
counter setups were used in succession during the
experiments. Initially an Agilent 53230A counter
in reciprocal continuous mode was used to count
the beat frequency of a free-space double-pass AOM
unit (300 MHz, results of Sec. 4.B). After that, this
setup was replaced by a zero-dead-time K+K FMX-
50 counter to count the beat frequency of a fibre-
coupled AOM (-42 MHz, results of Sec. 4.A).
The remote (Groningen) optical frequency char-
acterisation setup is depicted in Fig. 5. The link
laser is amplified using a semiconductor optical
amplifier, and guided to a free-space beat unit. The
beat frequency is counted using a K+K FMX-50
counter. The frequency comb laser and counters
are frequency referenced to the Rb-standard.
4. Measurements and simulations
Two series of measurements have been performed
on the fibre link, namely an ’optical-versus-GPS’
measurement for which the optical frequency is
measured simultaneously at Amsterdam and Gro-
ningen and compared, and a roundtrip measure-
ment at the Amsterdam site (Fig. 2). It is known
that soil temperature variations of the fibre may
lead to significant frequency instability (see, for ex-
ample, [28]). In this section, we present a model to
describe and predict the influence of soil temperat-
ure variations on the frequency stability of under-
ground fibre links. The results of the temperature
model are compared with actual soil temperature
and link stability measurements.
Apart from the instability contributed by the
fibre link, the stability of the frequency transfer
5Figure 2. The Amsterdam – Groningen fibre link, overview of the experimental setup. This arrangement allows
for optical-versus-GPS comparisons (essentially an fibre-optic frequency comparison of the GPS-linked Rb clocks
in Amsterdam and Groningen), and for measurements of the roundtrip stability of the fibre-link in Amsterdam.
Details of the CW laser lock setup are given in Fig. 3. The setup for the roundtrip analysis and for the optical versus
Rb/GPS comparison are shown in detail in Fig. 4 and Fig. 5, respectively.
Figure 3. CW laser stabilisation setup (Amsterdam).
The 1559.79 nm, 3 kHz diode laser is frequency stabil-
ised by a phase-locked loop to a mode of the Er3+-fibre
frequency comb laser. The photo-diode signal of the
fibre-coupled beat unit is amplified, filtered and split by
a 3 dB power splitter (S) for input to the phase detector
and the counter. The stabilisation setup is fully ref-
erenced to the GPS-disciplined Rb frequency standard.
The monitor ports are used to observe optical power
variations of the Planex laser before and after the vari-
able optical attenuator (VOA), which regulates the laser
power to a constant level before injection into the tele-
communication network.
is limited by three sources. First, the stability of
the frequency comb laser is limited by the Rb/GPS
rf reference oscillator used to control the paramet-
ers of the comb. This reference has a specified re-
lative instability of < 10−11 at 1 second and be-
low 10−12 between 103 and 105 seconds, with a
minimum around 3 × 10−13. This long-term fre-
quency instability is transferred to the CW link
Figure 4. Experimental setup for the characterisation of
the passive frequency stability of the fibre link (Amster-
dam). For the long roundtrip measurements the free-
space AOM unit (300 MHz) was replaced by a fibre-
coupled AOM (−42 MHz). In both cases the AOM was
driven by a Rb-referenced DDS unit whith a set accur-
acy of ∼ 3.55 µHz. Frequency deviations of the link are
recorded with a Rb-referenced counter.
laser through the various rf locks in the setup.
The rf locks themselves also contribute to the fre-
quency instability, which we assess as follows. Us-
ing a second, similar, CW laser (RIO Orion) locked
to the frequency comb, and employing the virtual
beat note technique [29], the combined instabil-
ity of the locking electronics is determined to be
< 9.1 × 10−16 at 1 second. Thus, on time scales
longer than 1s, the rf noise is effectively averaged
out so that its influence on the link measurements
may be neglected.
A second source of instability plays a role in
6Figure 5. Experimental setup for the remote optical fre-
quency measurement (Groningen). Of the received op-
tical power 90% is sent back to Amsterdam. To improve
the signal of the free-space beat unit, the link light is
amplified with a BOA-6434 semiconductor optical amp-
lifier (SOA). The amplified light is then combined with
light from the fibre frequency comb laser in a free-space
beat unit to obtain an rf beat between the nearest fre-
quency comb mode and the CW link laser.
the roundtrip measurements, for which a frequency
drift of the laser source may lead to an apparent
frequency shift of the (delayed) light transmitted
by the fibre loop. Considering the 3.2 ms roundtrip
propagation delay of the light over the fibre link,
the (linear) drift of the frequency standard (10−11
at 1 s) only plays a role at the level of 3.2 × 10−14
at 1 s, decreasing as ∼ 1/τ , the inverse of the
counter gate time, due to the fractional time over-
lap (τgate − τroundtrip) /τgate between reference and
roundtrip light in the frequency comparison. This
is one order of magnitude smaller than the typically
measured link stability at 1 s, and averages down
more rapidly with increasing τ .
For the optical-versus-GPS comparison, a third
source of instability is due to the fact that the Rb
clocks in Amsterdam and Groningen are independ-
ently locked to GPS time. Small intrinsic phase dif-
ferences between GPS signals, received at geograph-
ically separated locations, thus propagate through
the frequency locks, and may manifest itself as ad-
ditional noise in the link frequency measurement.
4.A. Link frequency transfer stability over 2 ×
298 km
The intrinsic frequency transfer stability of a fibre
link is best measured on a closed loop, so that
the frequency of the input signal can be directly
compared with that of the roundtrip signal. Fig-
ure 6 shows the results of two roundtrip stabil-
ity measurements. The first measurement is based
on a 13-hour time series of frequency measure-
ments acquired on 2012-07-06, using the free-space
AOM unit (Fig. 4) while recording with the Agi-
lent 53230A. For this dataset the absolute frequency
of the roundtrip optical signal was calculated and
used to determine the overlapping Allan deviation
(ODEV).
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Figure 6. Comparison of two roundtrip stability
measurements as overlapping Allan deviation (ODEV).
(solid) Measurement of almost 9 days from 2013-09-30
to 2013-10-09 (outliers due to accidental low beat signal
in this period where taken out and replaced with the me-
dian of the dataset, see text). The peak at 0.5 days and
dip at 1 day are typical for frequency deviations with a
one-day period. (dashed) Measurement of more than 13
hours performed at 2012-07-06, all data were included.
To compare the measurement with the soil tem-
perature model, statistics on the scale of several
days are needed. Therefore a longer roundtrip sta-
bility measurement took place from 2013-09-30 to
2013-10-09, using the fibre-coupled AOM while re-
cording with the K+K FMX50 counter. This meas-
urement contains a few periods during which the
beat signal was too low for the FMX50 input cir-
cuits to record properly, leading to frequency out-
liers. Outliers were removed according to Chauven-
ets criterion (P = 0.5, 4102 datapoints (0.52% of
the total set) removed) and were replaced with the
median of the dataset. We have verified that the
ODEV statistics are not influenced significantly by
this operation.
4.B. Clock transfer stability
In the previous section we established that for aver-
aging periods of more than 10 s the frequency trans-
fer instability of the link is < 1 × 10−13. Given the
stability of the laboratory frequency standards (Rb
clocks) it is therefore to be expected that a direct
7measurement of the link laser frequency at the re-
mote site (Groningen) yields the mutual clock sta-
bility. During the 2012 measurement session, the
absolute laser frequency at the remote site was re-
corded. The result of this measurement, together
with the roundtrip stability and the stability of the
link laser lock frequency are presented in Fig. 7.
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Figure 7. Comparison of ODEVs of the in-loop link laser
stability relative to the frequency comb (short dash), the
roundtrip stability (long dash), and the remote link laser
frequency stability measured in Groningen (solid) of the
2012 measurement series. The (red) horizontal dashed
lines indicate the Rb clock limit (SRS PRS10 datasheet),
and the current best CV-GPS limit reported in [14].
The link laser frequency was determined with re-
spect to the frequency comb, taking into account
variations of frep and fCEO. The determination of
the absolute laser frequency is limited by the resolu-
tion of the frep counter to 2.5 × 10
−13/s. The max-
imum observable roundtrip instability is therefore
about 1× 10−15/s. The observed instability is signi-
ficantly higher, showing that the fibre may already
influence the roundtrip stability at the second time
scale.
The frequency of the laser used for the charac-
terisation of the remote link was determined with
respect to the nearest frequency comb mode. To-
gether with the mode number determination, this
directly delivers the remote absolute optical fre-
quency. As can be seen in Fig. 7, the link laser fre-
quency instability at the remote site is much larger
than the total roundtrip instability. Therefore, the
local frequency references are the limiting factor.
This means that we have effectively performed a
frequency comparison between the GPS referenced
Rb atomic clocks over the fibre link. The meas-
ured performance is slightly worse than expected
based on the Allan variance graph in the datasheet
(< 10−12 at > 100 s) of the clocks. This is probably
due to imperfect GPS reception, and uncorrelated
frequency noise of the fibre combs used in this ex-
periment.
4.C. Limits on frequency transfer stability due
to soil temperature fluctuations
Based on coarse estimates we expected (soil)
temperature fluctuations to have a major influ-
ence on the passive stability of the fibre link.
The Royal Netherlands Meteorological Institute
(KNMI) provided us with soil temperature meas-
urements taken at the Cabauw site (see Fig. 1).
Temperatures are measured at depths of 0, 2, 4, 6,
8, 12, 20, 30 and 50 cm every 12 seconds and av-
eraged over 10 minute intervals. Out of five KNMI
locations the site at Cabauw is the only location
for which soil temperature data with such high
temporal resolution is available in the Netherlands.
The provided datasets consist of one set covering
the 9 day link measurement with a 12 second time
interval in October 2013 [30], and a 2 year dataset
(2011, 2012) with a 10 minute interval [31].
Equation (8) is used to convert these temperature
series to frequency deviations expected on a 2×298
km fibre link with the given thermal expansion and
thermo-optic coefficients. In the next sections we
use these reference data to compare the link stabil-
ity with the soil temperature model, Eq. (5).
4.C.1. Soil temperature and frequency transfer
stability
The raw frequency data from the 9-day link stabil-
ity measurement is compared to the frequency devi-
ations as derived from the KNMI soil temperature
dataset over the same time period. The first ques-
tion that needs to be addressed is to what extent
such a comparison, correlating temperature effects
measured in locations separated by tens of kilo-
metres, is meaningful. The Cabauw measurement
site (Fig. 1) is located more than 40 km south of
the (geographically) 200 km long trajectory of the
fibre. Therefore the exact trends in soil temper-
ature at the Cabauw site and along the fibre link
can differ, due to local variations in solar irradi-
ation and precipitation. Nevertheless, significant
temperature correlations are expected as the dif-
ferent locations are relatively close, as seen from a
meteorological and climatological point of view.
Figure 8 shows the roundtrip stability in compar-
ison to the fibre-link stability calculated from the
KNMI soil temperature data. KNMI aims at a rel-
ative accuracy among sensors of 0.01 K and an ab-
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Figure 8. Fibre-link roundtrip stability (dash-dot) com-
pared with roundtrip stabilities as calculated from the
KNMI soil temperature measurements for different fibre
depths: on the surface (solid curve), at 20 cm depth
(long-dashed curve), at 30 cm depth (short-dashed
curve), and at 50 cm depth (dotted curve). At shorter
averaging times, the model curves display a 1/τ slope,
which indicates that on shorter time scales temperat-
ure noise is significantly more prominent in the KNMI
measurements than in the temperature-dependent link
stability.
solute accuracy of 0.1 K. The noise in the soil tem-
perature measurements amounts to a few mK. More
accurate soil temperature observations will be dif-
ficult to make, let alone capturing all relevant vari-
ations along the optical path. All stabilities derived
from soil temperature show a 1/τ slope for shorter
time scales, which indicates the presence of white
noise in the temperature measurements that does
not appear in the fibre link instability. The noise
levels at these time scales obscure frequency drift
due to the daily temperature cycle. This cycle leads
to the rising slope at longer time scales, with a local
maximum at an averaging time of half a day. On
even longer time scales, this instability cycle contin-
ues with a one-day period, and with local maxima
decreasing in height over time. This is most clearly
seen in the surface temperature curve.
The measured roundtrip stability curve shows av-
eraging at short time scales less than 100 s, while
at time scales larger than 1000 s frequency drifts
due to the diurnal temperature cycle dominate the
instability. The origin of the level of instability at
time scales less than 4× 103 s remains unclear. Pos-
sible causes are the several hundreds of meters of
the fibre link located inside buildings, which are
subject to significant and relatively fast temper-
ature variations (due to e.g. airconditioning sys-
tems), while other factors like stress induced fre-
quency fluctuations can not be entirely ruled out.
For averaging times larger than 4× 103 s, the link
measurement shows qualitative agreement with the
KNMI data at depths of 20–30 cm.
The correlation between soil temperature and
link frequency drift can be inferred more directly
from the temperature and frequency measurement
time series. To this end, the roundtrip frequency
deviations from the AOM frequency, ∆f , are com-
pared to the frequency deviations ∆fn due to soil
temperature TKNMI,n at depth n, estimated using
Eq. (8). Both datasets are averaged over two-hour
windows to reduce noise levels. Figure 9 shows the
raw data of the nine-day link measurement in com-
parison with ∆fn at 20 cm and 30 cm depth (2 hour
averages).
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Figure 9. Frequency deviations after a roundtrip
through the fibre link (solid) and frequency deviations
calculated from the soil temperature data at 20 cm
(dashed) and 30 cm depth (dotted).
The depth at which the fibre link is buried is not
precisely known, and it furthermore may vary along
the path of the link. An estimate of the ’effective’
depth of the link may be obtained by assigning a
weighting factor cn ≥ 0 to each time series ∆fn, and
minimising (by least squares fitting) the difference
y between the measured and calculated frequency
deviations
y = ∆f −
N∑
n=0
cn∆fn(TKNMI,n) + foffset. (9)
The frequency offset parameter foffset is needed to
include a systematic offset between the link meas-
urement data and the KNMI data. Such an offset
9may be caused by an overall relative temperature
change between the fibre link path and the Cabauw
site.
Figure 10 shows the variation of the fit para-
meters cn and foffset over time. These parameters
and their time dependence are obtained as follows.
First, all input data (i.e. the measured frequency
deviations and the frequency deviations estimated
from soil temperature measurements) are averaged
with a one-hour window. Of the averaged data sets,
a 24-hour subset is taken (labeled by the median of
the time stamps in the set), for which the coeffi-
cients cn and foffset are found by least-squares fit-
ting. This last step is repeated for a 24-hour sub-
set which is offset by six hours with respect to the
previous subset, until the entire data set is covered.
From Fig. 10 it follows that best agreement is found
for an average fibre depth of about 30 cm. The
least-squares fit method yields solutions which are
generally well aligned in phase with the measured
data (Fig. 9). However, Fig. 9 also shows that the
agreement between the amplitude of the frequency
deviations at 30 cm depth and the measured data
is poor.
-20
 0
 20
 40
f o
ff
se
t (
H
z)
 0.5
 1.5
 2.5
c 2
0 
cm
 0.5
 1.5
 2.5
c 3
0 
cm
 0.5
 1.5
 2.5
01 02 03 04 05 06 07 08 09
c 5
0 
cm
day in October 2013
Figure 10. Fit parameters obtained by least-squares fit-
ting to (partly overlapping) 24-hour subsets of roundtrip
frequency data, with a spacing of six hours between
each subset. Day of year represents the centre of the
data range. (top) frequency offset for fit. (bottom
three panels) Values of the cn for the most import-
ant depths; the cn found for the other depths are neg-
ligibly small. Averages and standard deviations over
this dataset are foffset = 8.1(20.3) c20 cm = 0.13(0.17),
c30 cm = 1.01(0.72), and c50 cm = 0.10(0.24).
In the time series of the link measurement (Fig. 9)
the frequency deviations before 3 October and after
6 October appear to follow the predictions based on
KNMI data, while between 3 October and 6 Octo-
ber the curves seem to be substantially less cor-
related. This discrepancy might be linked to the
fact that during this period, the fibre-link path re-
ceived considerably more precipitation on 3 Octo-
ber 2013 than the measurement site at Cabauw [32].
Moreover, solar irradiation differed substantially
from day to day between Cabauw and the fibre link
in this period [32]. It is conceivable that this led to
local soil temperature variations along the fibre link
and, thus, to the observed discrepancy. This beha-
viour illustrates the limited power of the temper-
ature model for predicting or estimating instantan-
eous frequency variations based on soil temperature
measurements.
4.C.2. A soil temperature model for frequency
transfer stability estimation
Soil temperature data can be used to predict the
long-term stability of fibre links, but it can be bur-
densome to obtain or construct long historical re-
cords. For example in 1961 soil temperature was
measured 3 times a day [33]. Also, soil temperat-
ure is less often measured at meteorological meas-
urement sites than other quantities. In the Nether-
lands KNMI has such data available for only four
sites. In case of scarce soil temperature data, the
sinusoidal soil temperature model (Eq. (5)) can be
used to construct an artificial temperature cycle by
superposition of a diurnal and an annual temper-
ature cycle, which can be used to estimate the fre-
quency transfer stability of fibre links. Such models
can also be used to predict frequency transfer sta-
bility for various types of soil.
The amplitude of the diurnal temperature vari-
ation itself varies approximately sinusoidally during
the year, and is given by
ATd,year(t) = Td,year+Ad,year sin
(
2pi
Pyear
(t− t0,year)
)
,
(10)
where Td,year is the average diurnal temperature
variation, Ad,year is the amplitude of the annual
variation of the diurnal amplitude, Pyear is the an-
nual period, and t0,year is used to shift the tem-
perature cycle to fit the model to the long term
measurement data of KNMI.
The total annual temperature cycle now becomes
Tannual(z, t) = T0+Tday(z, t, ATd,year(t))+Tyear(z, t),
(11)
where Tday and Tyear are given by Eq. (5), but now
with the amplitude AT0 of the diurnal variation be-
ing a function of time.
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We obtain a set of model parameters for Eq. (11)
by fitting Eq. (5) to the data from Van der Hoeven
and Lablans [27] as an estimate of the annual vari-
ations, and to the data from Woudenberg [33] to es-
timate the cycle of diurnal temperature variations.
The soil constant was taken Cs = 7.5 × 10
−4, which
is representative for sand (being in a state between
wet and dry), relatively dry loam, and clay [27].
The obtained average, amplitude and phase values
are given in Table 1.
Offset (◦C) Amplitude (◦C) t0 (s)
Annual variation (surface) 10.2 8.8 9.64× 106
Annual day amplitude ATd,year
2.3 1.4 7.94× 106
Diurnal variation 0.0 ATd,year
(t) 3.67× 104
Table 1. The parameters of the soil temperature model
of Eq. (11) retrieved by a least-squares fit to data ob-
tained from [27] and [33].
The soil temperatures resulting from the model
are plotted in Fig. 11 and compared with the meas-
ured KNMI data set covering the year 2011. The
plot compares the data at the surface and at 50
cm depth and shows that the model is indeed in
reasonable agreement with direct soil temperature
measurements.
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Figure 11. Yearly variation of soil temperature at vari-
ous depths. (solid, appearing as a wide band due to
diurnal variations which are not resolved at the time
scale of the plot) Modelled temperature at the surface,
(dashed) at 50 cm depth. (dotted) Measured temperat-
ure at the surface, (dash-dotted) 50 cm depth. Temper-
atures at 50 cm depth are lowered by 10 degrees centi-
grade for visibility, arrows indicate true position.
A long time series of soil temperatures was gen-
erated from the model, and estimates of the long
term frequency stability of a hypothetical fibre link
of the Amsterdam – Groningen type were calculated
using Eq. (8). Figure 12 shows the calculated sta-
bilities at the day-to-year time scale, and for various
depths. From the graph it is clear that more deeply
buried fibres offer a substantial stability improve-
ment at the timescale of days, while the stability at
the year scale is much closer to that of fibre buried
closer to the surface.
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Figure 12. Calculated link roundtrip stability resulting
from soil temperature variations according to the model
(Eq. 11) at several depths. Frequency stability at (solid)
the surface, (long dashed) 50 cm depth, (short dashed)
100 cm depth and (dotted) 200 cm depth. The dash-
dotted lines indicate the 1/τ behaviour with a maximum
instability of 2.6 × 10−12 at half a day for the diurnal
variation and 2.5 × 10−14 at half a year for the annual
variation.
Figure 13 compares the frequency stability, com-
puted using Eq. (8) and the soil temperature meas-
urement series of 2011 and 2012, with that ob-
tained from Eq. (8) and the sinusoidal model,
Eq. (11). The most prominent feature is the dis-
crepancy for 50 cm depth, likely due to fluctuations
in weather conditions on long (days/weeks/months)
time scales, which cause a higher instability at time
scales between a day and half a year. These fluc-
tuations are clearly visible in Fig. 11. This noise
also leads to a smoothing of the strong minima in
the frequency instability curves, which are a con-
sequence of the sinusoidal temperature behaviour.
5. Conclusions and outlook
We investigated the passive frequency stability of
a 2 × 298 km carrier-grade, unidirectional fibre
link between VU University Amsterdam LaserLaB
and Van Swinderen Institute, University of Gro-
ningen, using a single DWDM channel, and with
live optical data traffic present in other DWDM
channels. The observed frequency instability of
the link lies in the range 10−14 to 10−13 for av-
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Figure 13. Frequency stability comparison between
soil temperature measurement and model. (solid)
Model, surface. (long-dash dotted) Measurement sur-
face. (dashed) Model 50 cm depth. (short-dash dotted)
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eraging times 10 – 8× 105 s. This result implies
that such fibre links are well suited to distribute
the frequency of commercial Rb atomic clocks with
negligible loss of accuracy. A model for thermo-
optical fibre length variation was developed which
relates frequency variations to soil temperatures as
a function of depth. We employed this model taking
actual long-term soil temperature measurements as
input, as well as predictions obtained from existing
soil temperature models. We combined link fre-
quency measurements with soil temperature meas-
urements at the KNMI Cabauw site to show that
the observed link stability corresponds to an aver-
age fibre depth of about 30 cm.
Qualitative agreement is found between the
soil temperature model and KNMI measurements,
while predictions of frequency stability based upon
this model agree with actual roundtrip frequency
measurements to within an order of magnitude. Al-
though the predictive power of the soil-temperature
model is limited, it does provide insight into the
relation between soil temperature, fibre-optic path
length variations and frequency-transfer stability.
Our model thus allows estimating the passive fre-
quency stability of fibre links for averaging times
ranging from days to years, and allows to estimate
upper bounds on the passive link instability. Such
information will be useful for the design of future
one-way frequency distribution systems based on
underground fibre-optic infrastructure.
The presented results show that soil temperat-
ure fluctuations have a large impact on the passive
frequency stability of optical carriers over under-
ground fibre links for time scales longer than ap-
proximately 1000 seconds. The results of our study
confirm the conclusions of previous work that fibre-
optic infrastructure is sufficiently stable for one-way
atomic clock frequency distribution over hundreds
of kilometres distance, and with 1 × 10−13 relative
instability [1, 3]. This figure compares favourably
to the stability of commercial GPS-disciplined Rb
clocks. The residual frequency variations are suffi-
ciently small to back up the local oscillator of GPS-
referenced clocks with indefinite holdover (provided
a non-GPS-referenced master clock is used). This
opens up the perspective of a terrestrial “flywheel”
oscillator, embedded in the fibre-optic telecommu-
nications network, which can be used to back-up
GPS-referenced oscillators during periods of GPS
outage.
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